-oxLDL enhanced HAECs' proliferation in a dose-and degree of oxidation-dependent manner. Similarly, LPO-oxLDL also enhanced HAEC proliferation. Mechanistically, both Cu 2ϩ -oxLDL and LPO-oxLDL enhance HAEC proliferation via activation of Rho, Akt phosphorylation, and a decrease in the expression of cyclin-dependent kinase inhibitor 1B (p27 kip1 ). Both Cu 2ϩ -oxLDL or LPO-oxLDL significantly increased Akt phosphorylation, whereas an Akt inhibitor, MK2206, blocked oxLDL-induced increase in HAEC proliferation. Blocking Rho with C3 or its downstream target ROCK with Y27632 significantly inhibited oxLDL-induced Akt phosphorylation and proliferation mediated by both Cu 2ϩ -and LPO-oxLDL. Activation of RhoA was blocked by Rho-GDI-1, which also abrogated oxLDLinduced Akt phosphorylation and HAEC proliferation. In contrast, blocking Rac1 in these cells had no effect on oxLDL-induced Akt phosphorylation or cell proliferation. Moreover, oxLDL-induced Rho/ Akt signaling downregulated cell cycle inhibitor p27 kip1 . Preloading these cells with cholesterol, however, prevented oxLDL-induced Akt phosphorylation and HAEC proliferation. These findings provide a new understanding of the effects of oxLDL on endothelial proliferation, which is essential for developing new treatments against neovascularization and progression of atherosclerosis. oxidized modifications of low-density lipoproteins; Rho kinase OXIDIZED MODIFICATIONS of LDL (oxLDL) are known to play a major role in the development of atherosclerosis and endothelial dysfunction (38, 59) . Multiple studies have shown that oxLDL has cytotoxic effects on vascular endothelial cells, inhibits bioavailability of nitric oxide (NO), and results in the disruption of the endothelial barrier (41, 42) . Our studies demonstrated that oxLDL also has a major impact on endothelial biomechanical properties, resulting in increased endothelial stiffness and contractility (9, 54) . Furthermore, we showed that this effect is accompanied by enhanced formation of endothelial networks and capillary lumens in threedimensional cell cultures (9, 19, 54) . Recently, we showed that preexposure to oxLDL facilitates formation of functional capillaries in matrigels in vivo via activation of the RhoA/Rho kinase (ROCK) signaling pathway (45) . In this study, we focus on the role of oxLDL in the regulation of endothelial proliferation.
Several studies addressed the role of oxLDL in control of endothelial proliferation, but the results were controversial, with several studies reporting that oxLDL enhances endothelial proliferation, whereas others showed inhibitory effects (12, 20, 52, 63) . The emerging trend is that relatively low concentrations of oxLDL (Ͻ10 -20 g/ml) have proproliferative effects, whereas higher levels of oxLDL are inhibitory. Because of the lack of a comprehensive study that takes into the account the key parameters, such as the mode and the degree of LDL oxidation, most of these findings have been inconclusive. Multiple studies have shown that there are significant differences in the proinflammatory effects of minimally oxidized, moderately oxidized, and strongly oxidized LDL. These findings indicate that oxLDL particles are highly heterogeneous and that the degree and the mode of oxidation significantly affect the biological activity of oxLDL (35) . It is also well known that Cu 2ϩ oxidation, the most common method of LDL oxidation in vitro that was used in the earlier studies of oxLDL effects on endothelial proliferation, does not occur in vivo. Notably, this method yields oxidation products that are significantly different from the products of enzymatic LDL oxidation, such as oxidation by lipoxygenase (LPO) that mimics the oxidation occurring in vivo (35) . Thus, the impact of physiologically oxidized LDL on endothelial proliferation remains unclear. Therefore, our first objective was to clarify the impact of oxLDL on endothelial proliferation by testing several key parameters: the degree of oxidation, the mode of oxidation based on the oxidizing agent (Cu 2ϩ vs. lipoxygenase), the concentration range, and the duration of the exposure [short (1 h) vs. prolonged (24 h)], focusing on human aortic endothelial cells (HAECs).
In terms of the mechanism, two pathways have been identified to mediate oxLDL-induced proliferative effects: activation of the RhoA/ROCK pathway linked to proliferation through a decrease in the expression of cyclin-dependent kinase inhibitor 1B (p27 kip1 ) (52) or activation of Akt, a serine/ threonine protein kinase that is well known to play a crucial role in the control of cell proliferation and progression of cell cycle (61) . However, the effects of oxLDL on AKT1 were also reported to be highly controversial, and whereas some studies showed that oxLDL enhances phosphorylation of Akt in endothelial cells (63) , other studies found an inhibitory effect (2, 11) . Therefore, our next objective was to provide comparative analysis of Cu 2ϩ -oxLDL and LPO-oxLDL on the Rho and Akt signaling pathways and determine whether the two pathways are functionally linked. Furthermore, we also provide the first insights into the mechanism responsible for oxLDL-induced RhoA activation, one of the major unanswered questions in the field. In general, three types of mechanisms were shown to mediate receptor-induced activation of Rho GTPases: 1) GDIs, guanine nucleotide dissociation inhibitors that stabilize Rho GTPases in their inactive GDP-bound form (18, 23) ; 2) GEFs, guanine nucleotide exchange factors that activate Rho GTPases by facilitating the dissociation of GDP and binding of GTP; and 3) GAPs, GTPase-activating proteins that negatively regulate Rho GTPases by enhancing their GTPase activities (18, 23, 24, 31) . Here, we provide the first evidence for the role of Rho-GDI-1 in oxLDL-induced activation of RhoA.
Another major question in oxLDL-induced signaling is the nature of the primary event that links oxLDL to the initiation of the signaling cascades. We proposed earlier that oxLDLinduced activation of the RhoA/ROCK pathway is mediated by the disruption of lipid packing of the plasma membrane, which results from membrane incorporation of oxidized lipids (45) . We showed that exposure to oxLDL does not lead to cholesterol loading of endothelial cells, as was previously assumed based on its recognition by scavenger receptors (6, 35) , but instead induces effects similar to those of cholesterol depletion on an array of endothelial properties, including lipid packing of the membrane, endothelial stiffness and contractility, sensitivity to flow, and branching behavior (9, 32, 54) . Furthermore, enriching endothelial cells with cholesterol prevents oxLDLinduced activation of RhoA and endothelial stiffening (45) . These observations led us to conclude that in contrast to the previous belief, normal nonmodified and oxidized forms of LDL may have opposite effects on endothelial function. Clearly, this distinction is expected to have major implications both on the basic understanding of LDL/oxLDL effects on cellular function and on possible therapeutic strategies to alleviate these effects. In this study, we address this hypothesis, focusing on endothelial proliferation.
METHODS
Cell culture and reagents. Human aortic endothelial cells (HAECs; Lonza, Allendale, NJ) were grown between passages 6 and 10; cells were cultured according to the manufacturer's instructions at 37°C with 5% CO 2 with EGM-2 Bullet Kit media (Lonza). Lipoproteindeficient serum (Sigma) was used to replace the normal serum in the Bullet Kit for the proliferation study. CuSO 4, cholesterol, and soybean lipoxygenase were obtained from Sigma (St. Louis, MO); Y27632 [((ϩ)-(R)-trans-4-(1-aminoethyl)-N-(4-pyridyl))] was obtained from Cayman Chemical (Ann Arbor, MI). MK2206 was from Selleckchem (Houston, TX), and C3 was from Cytoskeleton (Denver, CO). Methyl-␤ cyclodextrin (M␤CD) saturated with cholesterol was prepared as described previously (34) . Antibodies for p-Akt no. 4060, Akt no. 4691, p27 Kip1 no. 2552, pMLC2 no. 3674, and MLC2 no. 3672 were purchased from Cell Signaling Technology (Beverly, MA), and for green fluorescent protein (GFP), SC-9996, c-Myc, and SC-40 were purchased from Santa Cruz Biotechnology.
Transfection, siRNA, and cDNAs. Cells were transfected using a Nucleofector Kit for Mammalian Endothelial Cells from Lonza (no. VPI-1001), following the manufacturer's optimized protocol on the Amaxa nucleofector apparatus. Immediately after pulsing, the cells were transferred to six-well plates and cultured for 48 h before experiments. siRNAs were ordered from IDT (TriFECTa Kit). Eighty to 90 percent confluent cells were transfected in Opti-MEM (Thermo Fisher Scientific) media using Lipofectamine 3000 Reagent (Invitrogen) and a siRNA mix for 4 h. HAEC-enriched cell culture media (Lonza) was then used to replace the Opti-MEM solution, and cells were allowed to grow for 48 h before experiments were performed. GFP-tagged-RhoGDI-1 was generated by PCR amplification (PFU; Stratagene) of the cDNA clone pOTB7-GDI-1 into p-EGFP-C3 vector using specific primer pairs [p-EGFP-FL-GDI-1 (AA1-204)] as described (19) : forward primer 5=-AGGAATTCGAATGGCTGAG-CAGGAGCCCAC-3= and reverse primer 5=-CGGGATCCTCAT-CAGTCCTTCCAGTCCTTC-3=. We used a mutant containing the p115-RGS domain (RGS mutant) to address the role of p115RhoGEF in regulating RhoA activity as described (24) LDL isolation and oxidation. Human plasma was obtained from healthy subjects from the local blood bank (Lifesource, Chicago, IL). Briefly, plasma was separated by ultracentrifugation in potassium bromide (KBr) with a final density of 1.063 g/ml. Then pooled human LDL was dialyzed to remove EDTA and KBr. Copper-oxidized oxLDL was prepared by incubating 1 mg/ml native LDL with 25 M copper sulfate for 16 h at 37°C, and then 1 mM EDTA was added to stop the reaction, as described previously (54) . The content of thiobarbituric acid-reactive substances (TBARS) in LDL and oxLDL was determined by using a thiobarbituric acid-reactive substance assay kit (ZeptoMetrix, Buffalo, NY), as expressed with malondialdehyde equivalents. Cu-oxLDL with TBARS at 15 Ϯ 3 was used in the experiments. Lipoxygenase-oxidized LDL (LPO-oxLDL) was made by incubating 1 mg/ml native LDL with 5,000 U/ml soybean lipoxygenase overnight at 37°C, as described previously (54) . Increase in absorbance at 234 nm was used to monitor the oxidation of LDL, a method used in previous studies (10) . The average increase of OD 234 after overnight incubation is ϳ0.4 in our experiments. TBARS value typically increased to ϳ3 for LPO-oxLDL, as previously reported (not shown) (24) . For cell proliferation assays [5-bromo-2=-deoxyuridine (BrdU) and MTT), HAECs were grown to 50% confluency, serum starved for 2 h, and then exposed to 10 -100 g/ml oxLDL in lipoprotein-deficient serum for 1 or 24 h. For Western blot confluent or subconfluent, HAECs were also serum starved for 2 h and exposed to 50 g/ml oxLDL for 15 min (Akt) or 24 h (p27 kip ). BrdU assay. Proliferation was measured using the 5-bromo-2=-deoxyuridine (BrdU) labeling detection kit III (Roche), as described (46) . After exposure to oxLDL, BrdU labeling reagent was added for 6 h, and then cells were fixed with precooled ethanol fixative for 20 min in Ϫ20°C. The fixed cells were incubated with nuclease working solution followed by anti-BrdU-POD Fab fragments working solution and then anti-mouse-Ig-AP solution [1:100 in PBSϩ]. Cells were then covered in color substrate solution and NBT/BCIP solution 1:50 in substrate buffer [100 mM Tris·HCl buffer, 100 mM NaCl, and 50 mM MgCl2, pH 9.5] at 15-25°C for 15-30 min. Pictures were taken at ϫ10 with a Zeiss microscope, and at least three pictures per well were captured. After the cells were fixed, all incubations were done for 30 min at 37°C.
MTT assay. MTT assay kit was purchased from ATCC (Manassas, VA). MTT assay was performed by following the protocol, with minor modifications. Briefly, HAECs were seeded into 48-well plates at ϳ50% confluence after cells were attached to the plates and medium was changed to supplement free media with 2% LDS with or without corresponding treatment. Then, oxLDL was added for 24 h. MTT (0.5 mg/ml) dye was added to each well, and the cells were further incubated at 37°C for 2 h. The cells were lysed with DMSO contain ammonia, as described previously (57) . Cell lysates were collected, and absorbance at 570 nm was measured using a plate reader (SpectraMax M5; Molecular Devices, Sunnyvale, CA).
Western blot analysis. HAECs were lysed in lysis buffer (Cell Signaling Technology); 30 g of total protein samples were resuspended in a reduced sample buffer and then electrophoresed on a 10 -15% Tris gel with Tris running buffer, blotted to PVDF membrane, and sequentially probed with primary antibodies against phosphorylated Akt (Ser 473 ) and Akt (Cell Signaling Technology). A horseradish peroxidase-conjugated goat anti-rabbit antibody was then added, and secondary antibodies were detected through autoradiography using enhanced chemiluminescence (ECL Plus; General Electric Healthcare, Milwaukee, WI). To test the effect of oxLDL on p27 kip , subconfluent HAECs were used. C3 or MK2206 was introduced into HAECs first, and then cells were incubated with 50 g/ml oxLDL for 24 h before lysis.
RhoA activation ELISA. RhoA activation was monitored by RhoA G-LISA quantitative assay (Cytoskeleton) according to the manufacturer's protocol. Briefly, confluent HAECs were serum starved first, and corresponding treatments were applied. After treatments, the medium was immediately aspirated and the cells washed with ice-cold PBS, lysed in lysis buffer from the kit, and centrifuged at 10,000 g for 1 min at 4°C. The supernatants were collected, snap-frozen in liquid nitrogen, and stored at Ϫ80°C until they were used. The protein concentration was determined by using the Precision Red Advanced protein assay supplied with the kit. The same amount of protein was used for ELISA. For all experiments, positive (constitutively active RhoA) and negative (lysis buffer) controls were used. After incubation with the first and second antibody and color development, absorbance was read at 490 nm using a microplate ELISA reader.
RESULTS

Cu-oxLDL and LPO-oxLDL induce endothelial proliferation.
First, we focused on Cu 2ϩ -oxidized LDL (Cu 2ϩ -oxLDL), the most commonly used oxidation mode of LDL. Effects of Cu 2ϩ -oxLDL on proliferation of HAECs were examined for 10 to 100 g/ml concentration range, a typical range used in previous studies (see, e.g., Refs. 15, 51, and 56) for short (1 h) and more prolonged (24 h) exposures. Our data show that exposure to Cu-oxLDL results in a dose-dependent positive effect on the proliferation of HAECs for both short and prolonged exposures, as assayed by the BrdU or MTT assays (Fig. 1) . For the short-term exposure, oxLDL increases HAECs proliferation by ϳ40%, with LDL having no effect (Fig. 1 , A-C; see typical images of proliferating HAECs identified by the BrdU staining in Fig. 1A) . Over 24 h of exposure, we see a significantly stronger, greater than twofold increase in the number of proliferating HAECs treated with 50 g/ml oxLDL as compared with untreated cells and also a smaller but significant effect of LDL at the same dose (50 g/ml; Fig. 1D ). It is most likely that this effect should be attributed to LDL oxidation by the endogenous endothelial LPO, as described earlier (47) . We show here that increasing the degree of LDL oxidation results in a stronger pro-proliferation effect and that this effect is doze-dependent at both levels of oxidation, as assayed by MTT proliferation assay (Fig. 1E) . Importantly, enzymatic oxidation of LDL using lipoxygenase (LPO) that generates a more physiological form of oxLDL also results in significant pro-proliferation effect (Fig. 1F) .
Signaling pathway of oxLDL-induced endothelial proliferation in HAECs. Akt is a critical regulator involved in endothelial cells proliferation, but as described above, the effects of oxLDL on Akt phosphorylation in endothelial cells have been controversial (2, 11, 63) . Here, we show that in HAECs, both strongly oxidized Cu 2ϩ -oxLDL and enzymatically oxidized LPO-oxLDL induce significant increases in Akt phosphorylation, an effect observed after a short (15 min) incubation with 50 g/ml Cu 2ϩ -oxLDL or LPO-oxLDL (Fig. 2, A and B) . More specifically, LPO-oxLDL showed a more pronounced response with the exposure to 50 g/ml Cu 2ϩ -oxLDL, resulting in a 2.9-fold increase in p-Akt/total Akt ratio, whereas exposure to the same level of LPO-oxLDL resulted in a 4.7-fold increase. To determine the role of Akt phosphorylation in oxLDL-induced proliferative effects, cells were preincubated with 100 nM MK2206, a selective inhibitor of Akt phosphorylation (22) . The inhibitor was applied 1 h before the exposure to oxLDL and also for the duration of oxLDL treatment. As expected, oxLDL-induced Akt phosphorylation is abrogated by MK2206. Furthermore, blocking Akt phosphorylation also abrogates oxLDL-induced increase in HAEC proliferation for both types of oxLDL described above (Fig. 2C) .
RhoA. Earlier studies, including studies from our laboratory, showed that Cu 2ϩ -oxLDL results in the activation of a small Rho-GTPase, RhoA, in different types of endothelial cells (45, 52) . However, the link between RhoA activation and Akt phosphorylation in a signaling pathway induced by oxLDL was not clear. Therefore, we tested whether RhoA activation is required for oxLDL-induced activation of Akt. This question was addressed by treating the cells with 1 g/ml exoenzyme C3 transferase, an inhibitor of Rho, or with 10 g/ml Y27632, an inhibitor of Rho kinase (ROCK), a downstream target of RhoA, as described in previous studies (21, 28) . We show here that preincubation with 1 g/ml C3 abrogated oxLDL-induced Akt phosphorylation and oxLDL-induced increase in HAEC proliferation for both types of oxLDL (Fig. 3, A-C) . Inhibition of Rho also resulted in an ϳ30% decrease in the basal rate of HAEC proliferation in the absence of oxLDL, an effect that appears to be independent of Akt. In addition, blocking ROCK, a downstream target of RhoA, with 10 g/ml Y27632 also resulted in significant decrease in oxLDL-induced Akt phosphorylation and inhibition of cell proliferation (Fig. 3, D-F) . Similarly to the effect of C3, exposure to Y27632 also decreased the basal level of HAEC proliferation but not the basal level of Akt phosphorylation. We also tested whether the link between oxLDL-induced RhoA/ROCK activation and Akt phosphorylation may be mediated by the phosphorylation of myosin (MLC2) and increase in cell contractility, a wellknown downstream effect of RhoA/ROCK (30, 49) . However, we show here that this is not the case, because blocking MLC2 phosphorylation with blebbistatin, a well-known inhibitor of MLC2, has no effect on oxLDL-induced Akt phosphorylation (Fig. 3, G and H) . MLC2 phosphorylation was inhibited as expected (Fig. 3I) . More studies are needed to elucidate the signaling pathway responsible for the role of RhoA/ROCK in oxLDL-induced activation of Akt.
Previously, our group identified a guanine nucleotide exchange factor, p115RhoGEF, and a guanine nucleotide dissociation inhibitor, RhoGDI-1, as major factors in regulating RhoA activity in endothelial cells (24, 31) . We showed that guanine nucleotide dissociation inhibitors (GDI-1) bind with the GDP form of RhoGTPases and prevent their dissociation from the complex inhibiting RhoA activity (31) . It was also shown previously, including studies from our group, that expression of p115-RGS inhibits endogenous p115RhoGEF function by blocking the interaction of p115RhoGEF with ␣-subunits of G 12/13 and by its GAP activity on G␣ 12/13 (24, 33) . Therefore, using GDI-1 and p115-RGS constructs, we tested whether RhoGDI-1 and/or p115RhoGEF affect oxLDLinduced activation of RhoA and the downstream effects described above in HAECs. To verify the expression of the two constructs, GDI-1 construct was labeled with the GFP tag, and p115-RGS was labeled with the myc-tag. The expression of both GDI and p115-RGS in HAECs was verified using Western blot analysis (Fig. 4A) . RhoA activity was measured by ELISA, as described in our recent study (45) . Here, we show that transfecting HAECs with RhoGDI-1 abrogated oxLDLinduced activation of RhoA (Fig. 4B) as well as oxLDLinduced activation of Akt1 (Fig. 4, C and D) and an increase in endothelial proliferation (Fig. 4E) . In contrast, transfecting HAECs with p115RGS, had no effect on oxLDL-induced activation of RhoA or any of the downstream effects described above (Fig. 4) , suggesting that GDI-1, but not p115RhoGEF, plays a significant role in oxLDL-induced activation of RhoA in HAECs.
Also, since it was shown earlier that Cu 2ϩ -oxLDL induces activation of another Rho-GTPase, Rac1, we tested whether Rac1 activation contributes to oxLDL-induced Akt phosphorylation or cell proliferation. Rac1 was inhibited by exposing the cells to 100 g/ml NSC23766, as described previously (5). However, our data show that inhibiting Rac1 affected neither oxLDL-induced Akt phosphorylation in HAECs nor the rate of cell proliferation (Fig. 5 ). Both types of oxLDL, Cu 2ϩ -oxidized, and LPO-oxidized were tested, yielding the same effect. p27 kip1 is a well-known cell cycle inhibitor (13) and shown to be downregulated under conditions that enhance cell proliferation. It was also shown previously that Cu-oxLDL decreased p27 kip1 expression in human umbilical vein endothelial cells (HUVECs) (52) . We show here that exposures to both Cu-oxLDL and LPO-oxLDL for 24 h result in a significant decrease in p27 kip1 expression in HAECs (Fig. 6 ). Consistent with a previous study showing that VEGF-induced Akt activation results in a decrease in p27 kip1 expression in endothelial cells (1) , our data show that inhibition of Akt phosphorylation results in a pronounced increase in p27 kip1 expression. No significant effect of oxLDL on p27 kip1 expression is observed in the presence of the Akt inhibitor, indicating that it is regulated by Akt phosphorylation (Fig. 6, A and B) . Furthermore, blocking Rho activation with C3 also results in a pronounced increase in p27 kip1 expression and abrogates the effect of both Cu 2ϩ -oxLDL and LPO-oxLDL on p27 kip1 (Fig. 6, C  and D) . Consistent with these observations, Akt1 knockdown increased p27 kip1 expression and abrogated oxLDL-induced decrease in p27 kip1 expression (Fig. 6, E and F) . Preloading with cholesterol blocks oxLDL-induced Akt phosphorylation and endothelial proliferation. Our recent studies showed that Cu 2ϩ -oxLDL-induced activation of RhoA is blocked by preloading the cells with cholesterol using methyl-␤-cyclodextrin (M␤CD) saturated with cholesterol (45) . Therefore, we tested here whether cholesterol preloading affects oxLDL-induced Akt phosphorylation and cell proliferation. HAECs were preloaded with cholesterol by exposing them to 5 mM M␤CD cholesterol for 60 min, as we described previously (8). As shown above, exposure to 50 g/ml of Cu 2ϩ -oxLDL or LPO-oxLDL induced a significant increase in Akt phosphorylation, with LPO-oxLDL having a stronger effect (Fig. 7, A and B) . However, both Cu 2ϩ -oxLDL-and LPO-oxLDL-induced Akt phosphorylation were significantly reduced by cholesterol preloading. The effect of Cu 2ϩ -oxLDL was totally blocked, and the effect of LPO-oxLDL was reduced by 65% but was still above the basal level. Cholesterol enrichment alone had a small (ϳ20%), negative effect.
We also show here that cholesterol preloading blocks oxLDL-induced increase in cell proliferation of HAECs for both Cu 2ϩ -oxLDL and LPO-oxLDL (Fig. 7C) . Cholesterol enrichment alone also had a significant, negative effect on the rate of cell proliferation (ϳ30% decrease). Exposing cells preloaded with cholesterol to either Cu 2ϩ -oxLDL or LPOoxLDL had no effect on cell proliferation, which remained at the same level as in cells treated with cholesterol alone.
DISCUSSION
Endothelial proliferation is a key process in neovascularization, wound healing, and repair of vascular injury. Increased endothelial proliferation may also be associated with the disruption of endothelial barrier and increase in endothelial permeability. Both neovascularization and disruption of the endothelial barrier are known to contribute to the development of atherosclerotic lesions under dyslipidemic conditions. Neovascularization that occurs in the developing plaques is considered today one of the components of the development of complex and unstable plaques leading to serious complications (16) . Therefore, it is essential to determine the impact of the key dyslipidemic factors on endothelial proliferation and elucidate the mechanisms underlying these effects. In this study, we focus on oxidized modifications of LDL, which are believed to be key proatherogenic lipoproteins (38, 59). As described above, a number of earlier studies investigated the effect of oxLDL on endothelial proliferation showing a positive effect at low levels of oxLDL (1-10 g/ml) and an inhibitory effect at higher levels (12, 20, 52, 63) . However, the impacts of the degree and the mode of LDL oxidation, two key parameters in oxLDL biology and function, have not been investigated. In this study, we present the first systematic analysis of these parameters on endothelial proliferation. Briefly, our observations show a positive effect of oxLDL on endothelial proliferation over a large concentration range (10 -100 g/ml), which is also enhanced by an increase in the degree of LDL oxidation. Furthermore, we extend previous observations to test the impact of enzymatically oxidized LDL, which is generated by exposing LDL to lipoxygenase (10), a process that, in contrast to Cu 2ϩ oxidation, occurs in vivo (35) . This is critical because, as described above, the products of these two modes of LDL oxidation are very different. More specifically, whereas both Cu 2ϩ and LPO oxidation result in the modifications of PAPC (1-palmitoyl-2-arachidonoyl-snglycero-phosphocholine), Cu 2 oxidation yields predominantly truncated oxidized phospholipids such as 1-palmitoyl-2-(5=-oxo-valeroyl)-sn-glycero-3-phosphocholine (POVPC) and 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine (PGPC), whereas LPO oxidation yields an array of hydroxyeicosatetraenoic acid (HETE) species (35) . Cu 2 oxidation also yields an array of other oxidative products, including oxysterols, and modifications of the LDL protein apoB (35) . Our study shows that similarly to Cu 2ϩ -oxLDL, LPO-oxidized LDL exhibits a significant positive effect on HAEC proliferation, with the effect being comparable or more pronounced than the effect of Cu 2ϩ -oxLDL. We propose that the similarities between the effects of Cu 2ϩ -oxLDL and LPO-oxLDL on endothelial function are mediated by their common effects on the lipid structure of the membrane.
NS c o n t r o l
The question of the physiological range of oxLDL in human plasma has also been a matter of significant controversy and debate. Earlier studies reported 10 g/ml oxLDL in people with normal cholesterol and 30 g/ml in hypercholesterolemic patients (25) (26) (27) . More recent studies estimated significantly lower levels of 0.2-0.4 g/ml (29) . However, the level of oxLDL within the vascular wall is expected to be significantly higher than the levels of circulating oxLDL, with further accumulation in the atherosclerotic plaques (44, 62) . The latter was determined using immunohistochemistry, whereas analytical determination of oxLDL in the plaques is still lacking. Based on our observations, we expect that elevation of oxLDL level under dyslipidemia in vivo has a proliferative effect on aortic endothelial cells. In terms of the signaling pathway responsible for oxLDLinduced endothelial proliferation, we show here that for both Cu 2ϩ -oxLDL and LPO-oxidized LDL, it is mediated by RhoA/ ROCK signaling via an increase in Akt phosphorylation and downregulation of p27 kip1 expression. Furthermore, we also present evidence that oxLDL-induced activation of RhoA is mediated by a guanine nucleotide dissociation inhibitor RhoGDI-1, which was shown previously to be responsible for thrombin-mediated disruption of endothelial permeability (31) . Previous studies from several laboratories, including ours, demonstrated a positive effect of Cu 2ϩ -oxLDL on activation of Rho-GTPases, including RhoA and Rac1 (45, 51, 52, 56) . However, the upstream mechanism leading from oxLDL to RhoA activation has not been identified. Our new data suggest that oxLDL may induce RhoA activation in HAECs by dissociating RhoA from a RhoGDI that stabilizes RhoA in an inactive form. This hypothesis is based on the observations that oxLDL-induced activation of RhoA is abrogated by the overexpression of RhoGDI but is insensitive to the dominantnegative construct of p115RhoGEF, two major factors shown to regulate RhoA activation in endothelial cells (24, 31) . It is important to note, however, that the fact that oxLDL-induced activation of RhoA is abrogated by overexpression of GDI does not conclusively prove that oxLDL induces the dissociation between endogenous GDI and RhoA, and further studies will be needed to test this hypothesis directly by analyzing the association between RhoA and GDI using state of the art approaches such as FRET. Notably, it was shown previously that RhoGDI dissociation from RhoA may be mediated by lipids that might compete with the Rho for the hydrophobic pocket of the GDI (17, 40) . Therefore, we propose that altering of the lipid composition of the membrane is responsible for oxLDL-induced dissociation of RhoA and rhoGDI leading to RhoA activation and the downstream signaling described above.
The effects of oxLDL on Akt phosphorylation and the link between Rho activation and Akt phosphorylation have been controversial. Specifically, exposure to oxLDL was shown to induce Akt phosphorylation in human coronary ECs (63), vascular smooth muscle cells (36) , and monocytes (58) but to result in Akt dephosphorylation in HUVECs (2) and human brain microvascular ECs (39) . It was also shown that there is a cross-talk between Rho/ROCK and Akt pathways via phosphatidylinositol kinase (PI3K) or phosphatidylinositol phosphatase (PTEN), two enzymes that are well known to activate or inhibit Akt phosphorylation, respectively (14, 37, 43, 60) . In most studies, however, Rho/ROCK was shown to negatively regulate Akt either via inhibition of PI3K (43, 60) or via activation of PTEN (37) . It was also reported that RhoA may induce the PI3K/Akt pathway as part of the proliferative response in a model of graft endothelial cells (14) . The roles of Rho/ROCK and Akt in Cu 2ϩ -oxLDL-and LPO-oxLDL-induced endothelial proliferation are further confirmed by testing the expression of cyclin-dependent kinase inhibitor 1B (p27 kip1 ), a known cell cycle inhibitor that binds to cyclin E-CDK2 or cyclin D-CDK4 complexes and inhibits the cell cycle progression at G1 (50) . Indeed, earlier studies showed Cu 2ϩ -oxLDL enhances EC proliferation of HUVECs by downregulating of p27 kip1 and that this effect is ROCK dependent (52) . Clearly, however, we are far from the full understanding of the signaling events involved in the oxLDL-induced endothelial proliferative response. Exposure to oxLDL is known to enhance generation of reactive oxygen species (35) (41) , which in turn may promote cell proliferation (7), (55) . Also, it was shown that oxLDLinduced endothelial proliferation may be suppressed by the inhibition of endothelial nitric oxide synthase (63) , which could also inhibit generation of reactive nitrogen species.
Moreover, multiple signaling pathways, including PI3K, MAP kinases, mTOR, and others, may play important roles in oxLDL-induced endothelial proliferation (48) . Further studies are needed to fully elucidate the roles of these pathways in oxLDL-induced endothelial proliferation.
This study also provides further evidence for the dichotomy between oxLDL and cholesterol loading in their impact on endothelial function. As described briefly in the INTRODUCTION, this is a novel concept that challenges one of the major dogmas about the role of oxLDL as "a cholesterol loader." We described this dichotomy previously, first for endothelial stiffness (54) and then for oxLDL-induced activation of RhoA-and oxLDL-induced proangiogenic responses (45) . However, since kip1 under corresponding conditions. *P Ͻ 0.05, n Ն 4. C: representative Western blot image of p27 kip1 after 24 h of oxLDL (50 g/ml) with or without the presence of C3. D: densitometric analysis of p27 kip1 under corresponding conditions. *P Ͻ 0.05, n Ն 4. E: representative Western blot image of p27 kip1 after 24 h of oxLDL (50 g/ml) with or without the presence of Akt siRNA. F: densiometric analysis of p27 kip1 under corresponding conditions. n Ն 4; markers' lanes shown in A and E, left. NS, not significant.
these observations suggest a paradigm shift in our understanding of how oxLDL alters endothelial function, it is important to test whether this is also the case for a variety of endothelial functions. We show here that this is also the case for oxLDLinduced Akt phosphorylation and for the proliferative response and that these effects are consistent for both Cu 2ϩ -and LPOoxidized LDLs. In terms of the mechanism of this dichotomy, based on a series of studies from our laboratory, we suggest that the impact of oxLDL on endothelial function is mediated by altering and disrupting the lipid packing of the plasma membrane via incorporation of oxidized lipids (3, 45, 53, 54) . More specifically, we showed that oxLDL is internalized in HAECs via the scavenger receptor CD36 (45) , which in turn leads to the incorporation of oxidized lipids into the plasma membrane and disrupts lipid packing. Indeed, we have demonstrated that incorporation of both oxysterols and POVPC/ PGPC phospholipids, major oxidation products of Cu 2ϩ oxidation of LDL, results in disrupting lipid order due to their orientations in the membrane (3, 4) . The same mechanism is predicted for products of LPO oxidation, HETE, because depending upon the position of its hydroxyl groups in relation to the terminal carboxylic acid, HETE molecules might assume a horizontal orientation in the membrane to limit the exposure of the hydroxyl group to the hydrophobic interior of the membrane. This orientation would cause the phospholipid headgroups to be pushed further away from each other, reducing the membrane packing, resulting in structural disruptions to the membrane similar to those caused by the presence of POVPC and PGPC (3). As we have shown previously, loading the cells with cholesterol "repairs" the disruptive effects of oxidized lipids. Furthermore, based on our new findings reported in this study, we propose the following model for oxLDL-induced endothelial proliferation (Fig. 8) ; exposure to oxLDL results in the incorporation of oxidized lipids into the endothelial membranes, resulting in the disruption of lipid packing, and these changes in lipid composition and/or physical properties of the membrane bilayer interfere with the Fig. 8 . Summary of the proposed signaling events for oxLDL-induced endothelial proliferative response. Briefly, we propose that the products of LDL oxidation, such as oxidized phospholipids and oxysterols, disrupt the lipid bilayer of the membrane, which results in the activation of RhoA/ROCK cascade, possibly via dissociation of the GDI-RhoA complex, and leads to the activation of Akt1, which is known to induce cell proliferation via a decrease in the expression of cyclindependent kinase inhibitor 1B (p27 kip1 ). HETE, hydroxyeicosatetraenoic acid; POVPC, 1-palmitoyl-2-(5=-oxo-valeroyl)-sn-glycero-3-phosphocholine; PGPC, 1-palmitoyl-2-glutaryl-sn-glycero-3-phosphocholine. association of RhoGDI with the Rho molecule, which favors the activation of RhoA signaling and, consequently, increases endothelial proliferation. Furthermore, based on our findings, EC proliferation should depend on the relative levels of cholesterol and oxLDL in the plaque, but currently there is no direct evidence. Further studies are needed to investigate this in the natural environment of the atherosclerotic plaque in vivo.
